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METHOD AND APPARATUS FOR COOLING WITH 
A PHASE CHANGE MATERIAL AND HEAT PIPES 

TECHNICAL FIELD OF THE INVENTION 

This invention relates in general to a cooling 
apparatus and, more particularly, to a cooling apparatus 
containing a phase change material and suitable for use 
with a phased array antenna system. 
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BACKGROUND OF THE INVENTION 

Phased array antenna systems are frequently used in 
satellites, for example to provide communication between a 
satellite and a ground station on the earth. As the 
satellite goes through its orbit, there are portions of the 
orbit in which the satellite antenna system can communicate 
with the ground station, and portions of the orbit in which 
the curvature of the earth prevents such communication. 
Consequently, the antenna system is operated during 
portions of the orbit, and is not operated during other 
portions of the orbit. 

State of the art designs for phased array antenna, 
systems include" the use of miniature microwave integrated 
circuits (MMICs), positioned in close proximity to the 
antenna elements. The close proximity of the MMICs and 
antenna elements helps to reduce phase delays in radio 
frequency signals within the antenna system. On the other 
hand, the MMIC components generate a substantial amount of 
heat. If not properly cooled, this can interfere with 
antenna operation. In particular, temperature' gradients 
across the antenna array must be minimized, because 
significant temperature gradients introduce phase errors 
into electrical radio frequency signals within the antenna 
system, which in turn leads to errors and/or inaccuracies 
during antenna operation. 

In this regard, the maximum allowable temperature 
gradient across the array decreases as the operating speed 
of the array is increased. For example, when the phased 
array is operating at a frequency of about 5 GHz, the 
maximum allowable temperature gradient across the array is 
about 20°C. In contrast, when the array is operating at a 
frequency of about 80 GHz, the maximum allowable 
temperature gradient across the array is only about 1.3°C. 
If the maximiom temperature gradient across the array cannot 
be kept within the appropriate limit, then it is necessary 
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to provide additional circuitry in the antenna system, in 
order to effect dynamic phase error compensation control. 
Of course, this additional compensation circuitry increases 
the complexity, cost and weight of the phased array. Thus, 
it is desirable to have a cooling apparatus which is both 
efficient and effective. 

Providing such a cooling apparatus in the specific 
environment of a satellite involves some relative stringent 
design criteria. The cooling apparatus must be relatively 
compact, and light in weight. Further, it must be highly 
reliable, and relatively maintenance free. One prior 
approach was to provide a cooling apparatus which included 
a housing with a chamber therein, the chamber containing 
both a phase change material and a thermally conductive 
porous material. Although such a cooling apparatus has 
been generally adequate for its intended purpose, it has 
not been satisfactory in all respects. 

More specifically, it is not always possible to 
achieve cooling of a level sufficient to keep temperature 
gradients across the surface of an antenna system within a 
desired limit, particularly as operating frequencies 
increase. As a result, and as. mentioned above, it can be 
necessary to provide special additional circuitry in the 
antenna system in order to effect dynamic phase 
compensation, thereby increasing the complexity, cost and 
weight of the antenna system. Further, with respect to 
antenna systems that are either large and/or high-power 
systems, the known cooling apparatus is not always capable 
of providing sufficiently efficient cooling to maintain 
junctions of the electrical devices at temperatures which 
are low enough to assure accurate and reliable operation. 
One result is a reduction in the accuracy and/or 
reliability of the overall antenna system. 
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SUMMARY OF THE INVENTION 

From the foregoing, it may be appreciated that a need 
has arisen for a method and apparatus for providing 
effective and efficient cooling, with a cooling apparatus 
5 which is compact, lightweight and reliable, and which can 

consistently and accurately minimize temperature gradients 
across .a device that is being cooled, while providing a 
greater cooling capacity than preexisting cooling devices. 
According to the present invention, a method and apparatus 
10 are provided to address this need, and involve: 

transferring heat to a housing which has therein a chamber 
3 that contains a heat absorbing material; distributing the 

^; heat within the heat absorbing material, including use of 

y 

p a heat pipe within the housing to facilitate distribution 

- 15 of the heat; and causing the heat absorbing material to 

% absorb the heat . 
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BRIEF DESCRIPTION OF THE DRAWINGS 

A better understanding of the present invention will 
be realized from the detailed description which follows, 
taken in conjunction with the accompanying drawings, in 
5 which: 

FIGURE 1 is a diagrammatic exploded perspective view 
of a cooling apparatus which embodies the present 
invention; 

FIGURE 2 is a diagrammatic side view of the cooling 
10 apparatus of FIGURE 1, in a non-exploded configuration; 

FIGURE 3 is a sectional front view of the cooling 
apparatus, taken along the line 3-3 in. FIGURE 2; 

FIGURE 4 is a sectional rear view of the cooling 
apparatus, taken along the line 4-4 in FIGURE 2; 
15 FIGURE 5 is a sectional side view of the cooling 

apparatus, taken along the line 5-5 in FIGURE 3; 

FIGURE 6 is a perspective view of an expansion 
accumulator which is a component of the cooling apparatus 
of FIGURES 1-5; 

20 FIGURE 7 is an end view of the expansion accumulator 

of FIGURE 6; 

FIGURE 8 is a diagrammatic sectional side view of the 
expansion accumulator of FIGURE 6, taken along the line 8-8 
in FIGURE 6; 

25 FIGURE 9 is a diagrammatic exploded perspective view 

of the front of an antenna system which includes the 
cooling apparatus of FIGURES 1-8; and 

FIGURE 10 is a diagrammatic exploded perspective view 
of the rear of the antenna system of FIGURE 9. 

30 
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DETAILED DESCRIPTION OF THE INVENTION 

FIGURE 1 is a diagrammatic exploded perspective view 
of a cooling apparatus 10 which embodies the present 
invention. The cooling apparatus 10 includes a housing 
5 defined by two housing parts 12 and 13. The cooling 

apparatus 10 further includes a plurality of sector-shaped 
porous members disposed within the housing, two of which 
are identified at 17 and 18 in FIGURE 1. The housing parts 
12-13 and the porous parts 17-18 are all described in more 
10 detail later. The cooling apparatus 10 also includes a 

phase change material, which is disposed in the voids 
O within the porous members .17-18, and is thus not separately 

'^!] visible in FIGURE 1. The cooling apparatus 10 also 

^ includes three expansion accumulators, which are not 

2 15 depicted in FIGURE 1, but which will be described in more 

® detail later . 

[ In the disclosed embodiment, the housing parts 12 and 

Q 13 are each made of a thermally conductive material. The 

2 thermally conductive material of the housing parts 12 and 

y"= 20 13 is selected to have a coefficient of thermal, expansion 

^ which substantially matches that of a system or device 

which is to be cooled by the cooling apparatus 10. In the 
disclosed embodiment, the housing parts 12 and 13 are each 
made of aluminum. However, other thermally conductive 
25 materials could alternatively be used, for example so that 

the housing has a coefficient of thermal expansion 
different from that of aluminum. For example, the housing 
parts could alternatively be made of aluminum silicon 
carbide (AlSiC) . 

30 FIGURE 2 is a side view of the cooling apparatus 10, 

in an assembled condition. FIGURES 3 and 4 are 

diagrammatic sectional front and rear views of the cooling 
apparatus 10, respectively taken along the section lines 3- 
3 and 4-4 in FIGURE 2. FIGURE 3 is, in effect, a view of 

35 the cooling apparatus 10 without the housing part 13. 
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Referring to FIGURE 3, the housing part 12 is a single 
solid piece of aluminum having approximately the shape of 
a disk. The housing part 12 has eight sector-shaped 
recesses 21-28, which are machined into a side thereof that 
5 faces the housing part 13. The recesses 21-28 do not open 

through the opposite side of the housing. A cylindrical 
hub portion 31 is disposed coaxially in the center of the 
disk-shaped housing part 12, with the recesses 21-28 
distributed circumf erentially around the hub 31 at 
10 uniformly spaced intervals. The housing part 12 also has 

an annular rim portion 32 which extends circumf erentially 
:j5 around the outside of the recesses 21-28. The housing part 

12 further has eight ribs 41-48, which each extend radially 

fill 

%j outwardly from the hub 31 to the rim portion 32 between a 

J 15 respective pair of the recesses 21-28. Each of the ribs 

Si; 

Li: 41-48 has two grooves or channels 52-53, which are provided 

Jl,, at opposite ends of the rib on the side thereof facing the 

:xO housing part 13. The channels 52-53 provide fluid 

communication between a respective pair of the recesses 21- 
20 28, which are disposed on opposite sides of that particular 

^ rib. The groove 52 is provided in each rib at the radial 

end thereof adjacent the hub 31, and the groove 53 is 
provided in each rib at the radial end thereof ' adj acent the 
rim portion 32, The recesses 21-28 and the grooves 52-53 
25 collectively define a chamber within the housing. 

On the inner side of the rim portion 32, on 
diametrically opposite sides of the housing part 12, are 
two inwardly projecting, semi-cylindrical ridges, which 
each have therein an axially extending opening that 
30 receives a respective alignment pin 55 or 57. The 

alignment pins 56 and 57 are provided on the housing part 
13, as described later. 

On the outer side of the rim portion 32 are eight 
radially outwardly extending projections 61-68, each 
35 circumf erentially aligned with a respective one of the ribs 
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41-48. The outer side of the rim portion 32 also has three 
outwardly-projecting bosses 72-74, the boss 72 being 
disposed between the projections 62 and 63, the boss 73 
being disposed between the projections 64 and 65, and the 
5 boss 74 being disposed between the projections 66 and 67. 

The bosses 72-74 each have thereon a respective outwardly 
facing flat surface 76-78. Two protrusions 81 and 82 
project radially outwardly from the rim portion 32, and are 
disposed between the projections 61 and 68. In addition, 
10 the rim portion 32 has four radially outwardly projecting 

tabs 86-89, which are spaced circumf erentially at uniform 
intervals, and., which each . have an axial opening., 
therethrough . 

FIGURE 5 is a sectional side view taken along the line 
15 5-5 in FIGURE 3. Referring to FIGURES 4 and 5, a central 

axial passageway 92 extends coaxially into the cylindrical 
hub 31 from a side of the housing part 12 opposite from the 
housing part 13.' The passageway 92 extends to a lo:cation 
near the housing part 13, but does not open through the 
20 side of the housing part 12 which faces the housing part 

13. 

Each of the radially-extending ribs 41-48 has 
extending therethrough a respective radial opening 101-108". 
The openings 101-108 each communicate at their radially 

25 inner end with the passageway 92, and each open through the 

a radially outer end of a respective one of the projections 
61-68. A portion of each opening 101-108 which is within 
the associated projection 61-68 is of slightly greater 
diameter than the rest of that opening, and is internally 

30 threaded. A not-illustrated, threaded stud may be provided 

in the outer end of each of the openings 101-108, for 
example as shown at 112. However, the stud 112 is 
optional. The stud 112 is not present in the disclosed 
embodiment, and is therefore shown only in broken lines in 

3 5 FIGURE 4. 
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With reference to FIGURES 2 and 4, three openings 116- 
. 118 each extend centrally through a respective one of the 
bosses 72-74, and also through the rim portion 32. The 
openings 116-118 each open through a respective one of the 
5 surfaces 76-78 provided at the outer ends of the bosses 72- 

74. Further, the openings 116-118 each open into a 
respective one of the recesses 23, 25 and 27, at a radially 
outer end of the recess. As best seen in FIGURE 2, four 
threaded holes 121-124 are circumf erentially distributed 
10 around each of the openings 116-118. The threaded holes 

121-124 are blind holes, which do not communicate with the 
y interior of the housing part 12. As. best seen in FIGURE 2, 

yj each of the protrusions 81-82 has a respective fill opening 

127-128 extending radially therethrough, each of the fill 
15 openings 127-128 communicating at its radially inner end 

with the recess 21 in the housing part, and opening at its 
s radially outer end through a surface on the radially outer 

''S end of the associated protrusion 81 or 82. The fill 

openings 127 and 128 are threaded, so that they may each, be 
20 sealed by an appropriate bolt or stud, which is not 

3.S ! 

illustrated. Alternatively, they may each be sealed by a 
press-in plug of a type known to those skilled in the art. 

With reference to FIGURE 3, the recesses 21, 23-25 and 
27-28 each have therein a respective one of the sector- 

25 shaped porous members 17, and the recesses 22 and 26 each 

have therein a respective one of the sector-shaped porous 
members 18. The only difference between the porous members 
17 and 18 is that the porous members 17 each have in the 
radially outer surface thereof a transverse groove 132 

3 0 which is wide and shallow. As mentioned above, the porous 

members 17 and 18 are each made from an aluminum foam. In 
the disclosed embodiment, the effective volume occupied by 
each of the porous members 17 and 18 is 15% aluminum, and 
85% void. A suitable material for the porous members 17 

35 and 18 is commercially available from ERG Materials and 
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Aerospace Corporation, Oakland, California, under the 
tradename DUOCEL, The porous members 17 and 18 are each of 
a size such that all outer surfaces thereof are in 
engagement with either the housing part 12 or the housing 
5 part 13, except that surfaces within the grooves 132 of the 

porous members 17 do not engage either of the housing 
parts . 

As best seen in FIGURES 1 and 4, the housing part 13 
is an aluminum plate. A plurality of openings 133 extend 
10 transversely through the housing part 13 at spaced 

locations along the peripheral edge thereof. Further, the 
Q housing part 13 includes the., two. above-mentioned alignment 

1^1 pins 56 and 57, which are disposed near opposite . sides of 

S the aluminum plate 13, which each have one end fixedly 

^ 15 mounted in the plate 13, and which each project toward the 

03 housing part 12. In particular, as best seen in FIGURES 3 

and 5, the pins 56 and 57 each extend into a respective 
D opening provided in the ridges on the inner surfaces of the 

2 rim portion 32 of the housing part 12'. In the disclosed 

01 20 embodiment, the housing parts 12 and 13 are vacuum brazed 

J% to each other, in order to sealingly secure the housing 

parts to each other. The pins 56 and 57 keep the housing 
parts 12 and 13 in alignment until they have been brazed to 
each other. During the brazing process, outer surfaces of 
25 each of the porous members 17 and 18 are brazed to surfaces 

of the housing, including surfaces on the metal plate 13, 
surfaces on the radially ribs 41-48, and the back surface 
of each of the recesses 21-28. 

Each of the radial openings 101-108 has therein a 
30 respective heat pipe, one of which is shown at 141 in 

FIGURE 4. Suitable heat pipes 141 are commercially 
available, one suitable example of which is the heat pipes 
commercially available from Dynatherm Corporation of Hunt 
Valley, Maryland, as Dynatherm 0476-1000. The heat pipes 
35 141 in the disclosed embodiment each have a casing made of 
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aluminum, and are filled with ammonia or pentane. FIGURE 
4 has broken lines which show the heat pipe 141 in its 
inserted position. The radially outer end of the heat pipe 
141 is crimped at 142. The crimp 142 is an inherent part 
5 of the structure of the heat pipe 141 which is created 

during its manufacture, in particular to seal the heat pipe 
141 after it has been filled. 

Each of the ribs 41-48 in the disclosed embodiment has 
one radial opening 101-108 therethrough, and has one heat 

10 pipe 141 in the radial opening. However, it will be 

recognized that more than one radially opening and heat 
pipe could be provided in each of the ribs 41-48. 

In the disclosed embodiment, each of the heat pipes 
141 is secured in place within the associated opening 101- 

15 108 by a thermally conductive epoxy adhesive, which is not 

illustrated. In addition to holding the heat pipe 141 in 
place, the thermally conductive adhesive facilitates heat 
transfer between the casing of the heat pipe 141, and the 
associated aluminum rib 41-48 within which the heat pipe is 

20 disposed. For purposes of the disclosed embodiment, a 

suitable thermally conductive epoxy adhesive is a non- 
degassing or low degassing epoxy, such as MIL-A-46146 RTV 
coating available commercially from Dow Corning Corporation 
of Midland, Michigan. 

25 It is alternatively possible to substitute a known 

thermal grease for the thermally conductive epoxy. A 
suitable thermal grease is commercially available from 
Wakefield Engineering of Beverly, Massachusetts, as 
Wakefield 120 thermal grease. In certain applications, for 

30 example in the vacuum of outer space, a thermal grease may 

have a tendency to flow or to evaporate. Therefore, the 
disclosed embodiment uses a thermally conductive epoxy 
adhesive, rather than a thermal grease. However, for some 
applications, a thermal grease may be satisfactory, because 

35 it has the advantage of permitting the heat pipes 141 to be 
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extracted. In the event that a thermal grease is used 
instead of a thermally conductive epoxy adhesive, a 
respective threaded stud 112 would each be screwed into the 
outer end of each of the openings 101-108, in order to 
5 maintain the associated heat pipe 141 and its thermal 

grease in proper position. 

The passageway 92 in the hub 31 of the housing part 12 
permits air to escape from each of the openings 101-108 as 
the associated heat pipe 141 is inserted therein. The 
10 epoxy adhesive essentially establishes an airtight seal 

around the heat pipe 141 and, in the absence of the 
;rr-=-: passageway 92, air at the inner end of each of the. openings, 

^ 101-108 would be trapped and compressed, and would thus 

2 tend to urge the heat pipe 141 radially outwardly, much 

'""4 15 like the piston of a hydraulic cylinder. Passageway 92 

permits air to escape from the openings 101-108, in order 
to avoid this problem. Once the heatpipes 141 have been 
fg installed, the passageway 92 is sealed in an appropriate 

manner. For example, the passageway 92 may be threaded, 
m 20 and a threaded stud (not illustrated) may be introduced 

into the passageway 92. Alternatively, a press-in plug of 
a type known to persons in the art may be inserted into the 
passageway 92. 

FIGURES 6-8 show an expansion accumulator 151, which 
25 is a commercially available device. The expansion 

accumulator 151 which is used in the disclosed embodiment 
may be obtained from EG&G of Daytona Beach, Florida, as 
part number 59450. The expansion accumulator 151 includes 
a rectangular plate 152, and a cylindrical tube 153 which 
30 extends perpendicular to and is secured to one side of the 

plate 152. Plate 152 has a central opening 156 

therethrough, which communicates with the interior of the 
tube 153. The plate 152 has on a side thereof opposite 
from the tube 153 an annular groove 157, which extends 
35 concentrically around the opening 156. The groove 157 has 
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therein a standard 0-ring of silicon rubber, which has been 
omitted from FIGURES 7 and 8 for purposes of clarity. The 
plate 152 has four holes 161-164 therethrough, which are 
provided at circumf erentially spaced locations around the 
5 opening 156, 

With reference to FIGURES 6 and 8, the tube 153 
includes at its end remote from the plate 152 a radially 
inwardly projecting annular flange 167. The expansion 
accumulator 151 includes, within the tube 153, a tubular 

10 bellows 168 which has one end sealingly coupled to the 

flange 167. A disk 169 is sealingly coupled to the 
opposite .end of the bellows .168.,. and, ..can move axially 
within the tube 153. The bellows expands and contracts as 
the disk 169 moves axially within the tube 153. 

15 Three of the expansion accumulators 151 are secured to 

the housing part 12. In more detail, FIGURE 3 has broken 
lines showing how one of the expansion. accumulators 151 is 
coupled to the boss 73. In this regard, the plate 152 is 
disposed adjacent to the surface 77 on . the boss: 73. Four 

20 not-illustrated screws each extend through a respective one 

of the holes 161-164 in the plate, and threadedly engage a 
respective one of the threaded holes 121-124 provided in 
the boss 73. (FIGURE 2) . The not-illustrated 0-ring 
provided in the annular groove 157 engages the surface 77 

25 on the boss 73, in order to create a seal between the 

accumulator 151 and -the housing part 12. The other two 
expansion accumulators 151 are secured to the bosses 72 and 
74 in a similar manner. 

As mentioned above, the housing 12-13 has therein a 

30 phase change material of a known type. More specifically, 

following assembly of the various components of the 
apparatus 10 which have been described above, the phase 
change material is introduced into the housing in a 
generally fluid form, through the fill openings 127 and 128 

35 which are provided in the protrusions 81 and 82 of FIGURE 
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2. As mentioned above, the recesses 21-28 and the channels 
52-53 define a chamber within the housing, and about 15% of 
the overall space in the chamber is occupied by material of 
the porous members 17-18. Thus, as the phase change 
5 material is introduced through one or both of the fill 

openings 127-128, it flows through the recesses 21-28 and 
the channels 52-53, until it fills substantially all of the 
space within the recesses and channels other than that 
already occupied by the porous members 17-18. As this 
10 occurs, air from within the chamber escapes through the 

openings 127 and 128 as it is displaced by the phase change 
material. When, substantially all of the - air within, the 
chamber has. been replaced with a phase change material, the 
openings 127 and 128 are sealed, for example by inserting 
^ 15 an appropriate threaded stud or screw. 

g3 The phase change material readily absorbs heat, but is 

'^^ not itself a good thermal conductor. Accordingly, the 

p aluminum foam facilitates the distribution of heat within 

'f^ the phase change material disposed in the chamber of the 

pi 20 housing. Suitable phase change materials are commercially 

available. In the disclosed embodiment, the phase change 
material is n-Dotriacontane (A-32-99) , which includes C16H34, 
and can be commercially obtained from Humphrey Chemical 
Company of North Haven, Connecticut. 
25 FIGURES 9 and 10 are diagrammatic exploded perspective 

views of an antenna system 179 which includes two cooling 
systems of the type disclosed at 10 in FIGURES 1-8 and 
discussed above. More specifically, the antenna system 179 
includes two housing parts 181 and 182, which are each 
30 similar in structure to the housing part 12. Further, the 

antenna system 179 has a single plate 183, which is 
disposed between and brazed to each of the housing parts 
181-182, and which corresponds to the housing part 13 in 
the embodiment of FIGURES 1-8. A first set of porous 
35 members 186 is provided in the housing part 181, and a 
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second set of porous members 187 is provided in the housing 
part 182. Aside from the fact that the plate 183 is shared 
between these two cooling systems, the cooling systems may 
each be effectively equivalent to the cooling apparatus 10 
5 described above in association with FIGURES 1-8. A phased 

array antenna system 189 is mounted on the side of the 
housing part 181 opposite from the housing part 182. .The 
antenna 189 includes a plurality of antenna elements, as 
well as not-illustrated circuit components that cooperate 
10 electrically with the antenna elements. The 

not-illustrated circuit components may include miniature 
microwave integrated circuits,. (MMICs ) , which generate , a. 
substantial amount of heat during operation. The dual 
cooling systems shown in FIGURES 9-10 are provided . to 
"3^ 15 absorb that heat during operation of the antenna system 

m 17 9. For purposes of clarity, FIGURES 9 and 10 do not show 

^ all of the components of the two dual cooling systems. 

Q However, aside from the fact that a common plate 183 is 

shared between the two cooling systems, each of the cooling 
g=l 20 system may be effectively equivalent to the cooling 

apparatus 10 disclosed above in association with FIGURES 1- 
8 . 

The operation of the cooling apparatus 10 of FIGURES 
1-8 is as follows. Heat is introduced into the cooling 

25 apparatus 10, typically by applying the heat to the surface 

of housing part 13 which is opposite from the housing part 
12, or the surface of housing part 12 opposite from the 
housing part 13. Since the housing parts 12 and 13 are 
brazed to each other and to the porous members 17-18, and 

30 since these parts are all made of aluminum, the heat will 

tend to distribute itself within these parts. The heat 
pipes within the ribs 41-48 help facilitate a relatively 
uniform distribution of heat along each of the ribs. 

Due to contact with the housing parts 12 and 13, and 

35 the porous members 17-18 therein, the phase change material 
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within the housing absorbs the heat. In particular, as 
discussed above, the phase change material absorbs heat, 
but is not itself a particularly good thermal conductor. 
The porous members 17-18 facilitate distribution of heat 
5 throughout the phase change material, without requiring the 

heat to flow too far through the phase change material 
itself. As the phase change material absorbs heat, it 
changes phase. 

The cooling apparatus 10 is intended for use in 

10 applications where heat is generated by the antenna system 

at intermittent intervals. For example, in a satellite, an 
antenna system cooled by. the cooling .apparatus 10 may only 
be able to operate during selected portions of the orbit, 
namely portions during which the antenna has a reasonably 

15 straight line of communication to a ground station. Thus, 

during certain portions of the orbit the antenna system 
generates heat which is absorbed by the cooling apparatus 
10, and during other portions of the orbit, the antenna 
system is idle and the cooling apparatus 10 slowly 

20 discharges the heat which it previously absorbed.. 

If the phase change material continues to absorb heat 
after it changes phase, it will eventually begin to expand 
in volume. The cooling apparatus 10 is designed so that 
there should be little or no significant volumetric 

25 expansion to the phase change material under expected 

operating conditions. However, in unusual circumstances, 
it may be necessary for the cooling apparatus 10 to absorb 
more heat than it was normally designed to absorb. This is 
the reason why the three accumulators 151 are provided. In 

30 particular, if the cooling apparatus 10 absorbs sufficient 

heat that the phase change material begins to significantly 
expand in volume, then the phase change material can flow 
into the accumulators 151, in particular by pressing the 
disk 169 of each accumulator 151 radially outwardly, 

35 causing the associated tubular bellows 168 to compress. 
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This avoids damage to the cooling apparatus 10, by avoiding 
a buildup of internal pressure. When the cooling apparatus 
10 does eventually cool back down, the phase change 
material which flowed into the accumulators 151 will be 
5 urged back into the housing by the resilient forces of the 

tubular bellows 168. 

Referring to FIGURE 4, and as mentioned above, the 
porous members 17 in the recesses 21, 23, 25 and 27 each 
have therein a groove 132. The grooves 132 in these porous 

10 members facilitate flow of the phase change material 

through the openings 116-118, and through the fill openings 
127-128. The porous members 17 in recesses 24 and 28 also 
have the grooves 132, but for the purpose of accommodating 
the semi-cylindrical ridges which are provided on the inner 

15 surface of the rim portion 32 of the housing. The porous 

members 18 in the recesses 22 and 26 do not have the 
grooves 132. This is to maximize the surface area of the 
porous members 18 which is in contact with the rim portion 
32 of the housing part 12, and with the phase change 

20 material, in order to facilitate heat distribution within 

the housing and the phase change material . 

The present invention provides a number, of technical 
advantages. In particular, thermal gradients across the 
region cooled by the disclosed cooling system are minimized 

25 by structural features such as heat pipes. When the system 

is being used specifically to cool a phased array antenna 
system, the reduction in thermal gradients provides a 
reduction in phase errors in radio frequency signals within 
the antenna system, so that no dynamic phase compensation 

30 is required in the circuitry itself, which in turn reduces 

the complexity and cost of the circuitry of the antenna 
system. A further consideration is that the disclosed 
cooling system is compact and light in weight, and 
therefore highly suitable for use in applications such as 

35 a satellite, yet provides better cooling than previously 
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known satellite cooling systems of comparable size and 
weight . 

Another advantage is that the disclosed cooling 
apparatus can be positioned on the back side of a phased 
5 array antenna system, thus permitting the thermal design of 

the cooling system to be optimized independently of the 
electrical and radio frequency design of the antenna 
system. Yet another advantage is that the cooling 
apparatus is capable of cooling a higher level of heat 

10 dissipation than comparable preexisting systems, thereby 

avoiding excessive junction temperatures in cooled circuit 
devices, which in turn results in reduced failures and 
higher reliability of electrical components. 

Although one embodiment has been illustrated and 

15 described in detail, it should be understood that various 

substitutions and alterations can be made therein without 
departing from the scope of the present invention. For 
example, in the disclosed embodiment, the radial ribs each 
include one heat pipe, but it would be possible to provide 

20 more heat pipes in each rib. A further example is that the 

heat pipes and their associated ribs are arranged to extend 
radially in the disclosed embodiment, but it would be 
possible to provide some other configuration of ribs and/or 
heat pipes. Yet another example is that the heat pipes in 

25 the disclosed embodiment are provided within ribs, but it 

would be possible to incorporate them into the housing in 
some other manner. 

Still another example is that the chamber inside the 
disclosed housing is configured in the form of several 

30 portions or recesses which are substantially separate and 

communicate with each other through several channels, but 
the housing could be configured so that the ribs extend 
within the chamber without dividing it into substantially 
separate portions. As yet another example, the disclosed 

35 embodiment includes several expansion accumulators, but it 
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would be possible use a different type of device to 
accommodate expansion, or to omit the expansion 
accumulators for certain applications. Other substitutions 
and alterations are also possible without departing from 
5 the spirit and scope of the present invention, as defined 

by the following claims. 



